Macroautophagy is a vacuolar, self-digesting mechanism responsible for the removal of long-lived proteins and damaged organelles by the lysosome. The discovery of the ATG genes has provided key information about the formation of the autophagosome, and about the role of macroautophagy in allowing cells to survive during nutrient depletion and/or in the absence of growth factors. Two connected signaling pathways encompassing class-I phosphatidylinositol 3-kinase and (mammalian) target of rapamycin play a central role in controlling macroautophagy in response to starvation. However, a considerable body of literature reports that macroautophagy is also a cell death mechanism that can occur either in the absence of detectable signs of apoptosis (via autophagic cell death) or concomitantly with apoptosis. Macroautophagy is activated by signaling pathways that also control apoptosis. The aim of this review is to discuss the signaling pathways that control macroautophagy during cell survival and cell death.
Introduction
Cells respond to changes in their environment and intracellular milieu by altering their anabolic and catabolic pathways. Two major pathways are involved in the catabolism of cellular material: the multi-enzyme proteasome system and autophagy, which culminates in lysosomal degradation.
1,2 Both proteasome and autophagy are able to degrade proteins, but only autophagy can also degrade other macromolecules and even entire organelles. The term 'autophagy' includes several mechanisms, such as microautophagy, macroautophagy, and chaperone-mediated autophagy. This review is focused on macroautophagy (hereafter referred to as autophagy). Readers are referred to recent reviews of the other autophagic pathways. 3, 4 Autophagy is an evolutionary mechanism conserved in eukaryotic cells that starts with the formation of an autophagosome, enclosed within a double membrane that engulfs part of the cytoplasm. In mammalian cells, autophagosomes undergo a maturation process by fusing with endocytic compartments and lysosomes (for a review, see Eskelinen 5 ). The formation of the autophagosome depends upon Atg proteins, which were first discovered in yeast. 6 Their role in autophagosome biogenesis has been recently reviewed. 7 The molecular machinery is under the control of diverse signaling pathways, depending on the nature and the origin of the stimulus. 8 In yeast, the kinase complex, Atg1, plays a central role in integrating signals downstream of the nutrient sensor TOR. 9 Despite the fact that (mammalian) target of rapamycin (mTOR) is involved in the control of autophagy in mammalian cells, 10 its connection with the molecular machinery remains to be clarified.
Autophagy is active at a basal level in most of the cells in the body, and this probably reflects its role in regulating the turnover of long-lived proteins, and getting rid of damaged structures. This activity is probably responsible for the antiaging role of autophagy. 9, 11 However, autophagy can be stimulated by various stress situations, including nutrient depletion. During periods of nutrient shortage, autophagy provides the constituents required to maintain the metabolism essential for survival. 12 Autophagy is also implicated in various diseases, including cancer, neurodegenerative diseases, pathogen invasion, and muscle and liver disorders. 13 In most of these situations, autophagy has both beneficial and harmful effects. One aspect of this complexity probably reflects the dual role of autophagy, which is both cell-protective and -destructive. The role of autophagy during cell death has been discussed in recent reviews. 14, 15 During apoptosis, the stimulation of autophagy can be either a protective mechanism or a process that contributes to cell death. In the absence of apoptosis, autophagy can trigger a form of cell death known as autophagic cell death or Type II programmed cell death, which is distinct from Type I programmed cell death (apoptosis). 16 The aim of this review is to discuss the molecular control of autophagy, focusing particularly on signaling during protective autophagy, and during autophagy when the process is involved in the execution of a cell death program.
Autophagy and Cell Survival
As indicated in the previous section, in principle all eukaryotic cells are able to carry out autophagy; however, their autophagic capacity varies. It has long been assumed that autophagy is a nonspecific process, in which cytoplasmic structures and macromolecules are randomly sequestered in order to generate the oxidizable substrates and other molecules (e.g. amino acids) that are essential for cell survival when nutrients are scarce. However, the notion that autophagy was unspecific probably reflected the fact that substrate recognition had not been studied in great detail and we now know that, indeed, autophagy can also be very specific under certain conditions. Thus, the process can be involved in the elimination of damaged mitochondria 17 or the selective removal of organelles that are functionally redundant (e.g. peroxisomes). 13 As we will see, recent evidence suggests that the elimination of damaged mitochondria by autophagy may act as a rescue mechanism that the cell uses to escape from cell death, rather than as a mechanism producing cell death in its own right.
Autophagy is activated when nutrients are deficient
When cells lack essential nutrients, autophagy is activated to supply the missing components. A classical example is the mammalian liver, in which autophagy is switched on during starvation to produce amino acids which, after conversion into glucose, are used to meet the energy requirements of the brain and erythrocytes. Recent evidence indicates that autophagy in muscle tissue, although perhaps not as active as in hepatocytes, is quantitatively significant given the relatively large mass involved, also contributes to producing amino acids under these conditions. 18, 19 An interesting phenomenon, however, and one that has not been discussed in the literature so far, is that in mammals, after prolonged starvation (lasting for more than 3 days in man, for instance), autophagy slows down again because ketone bodies then begin to replace glucose at least to some extent, as fuel for the brain. Although it is obvious that this must occur to prevent excessive degradation of proteins that are essential for cell function, nothing is really known about the mechanism underlying the inhibition of autophagy under these extreme conditions (see also section 'What are the consequences for autophagy of downregulating amino-acid signaling?'). Of course, it is tempting to speculate that the ketone bodies themselves may be involved in regulating autophagy.
Autophagy is also extremely important as a source of oxidizable substrates in the neonate, which is suddenly faced by a sudden interruption of the supply of nutrients via the placenta, but which has not yet received sufficient nutrients via the milk. In an elegant study in mice expressing fluorescent green fluorescent protein (GFP)-tagged light chain 3 (LC3), an autophagosomal membrane marker, Kuma et al. 18 recently showed that autophagy in the early neonatal period is transiently upregulated not only in the liver but also in many other tissues, including the heart, lung, diaphragm, pancreas, and muscle. Surprisingly, the increase in autophagy in the liver was relatively slight. However, it must be pointed out that, both in this study 18 and in that carried out by Mizushima et al., 19 in which LC3 was used to measure autophagy in various tissues in response to starvation, the level of autophagosomes, as measured using LC3-II, was not equivalent to flux through the autophagic system. This situation is entirely analogous to that of the metabolic pathways, in which changes in the steady-state concentrations of the pathway intermediates do not give any information about the flux through the pathway. It may very well be that the relatively low level of autophagosomes in the starved liver in vivo is attributable to a relatively high rate of elimination of autophagosomes rather than to a low rate of autophagosome formation.
Another situation in which autophagy is required to supply nutrients is that of cancer cells. Although suppression of autophagy may contribute to the initial rapid growth of tumors, in more advanced stages of cancer autophagy may be required to provide essential nutrients to the cells in the inner part of a solid tumor that do not have direct access to the circulation. 20 Finally, autophagy can prevent cells from undergoing apoptosis by maintaining an adequate intracellular supply of substrates despite nutrient depletion 21 or when the uptake of extracellular nutrients is inhibited by a lack of growth factor. 22 For further reading on the role of autophagy in cell death, see the section 'Autophagy and cell death'.
Inhibition of autophagy by amino acids
Soon after the discovery of autophagy in the 1960s, 23 it became clear that amino acids, which are produced by autophagic protein breakdown, produce powerful feedback inhibition of autophagic sequestration, and that the process is also inhibited by insulin (in the liver) and activated by glucagon (for a review, see Mortimore et al. 24 ). It is interesting to note that in the liver these hormones only affected autophagy at intermediate concentrations of amino acids, and not at either very low or very high concentrations of amino acids, when autophagic flux was maximal or minimal, respectively. 24 As we will discuss later, this closely parallels the effect of insulin and glucagon and of amino acids on signal transduction.
Shortly after a report indicating that pharmacological inhibition of protein phosphatases inhibited autophagy in hepatocytes, 25 an important step forward occurred in our understanding of the mechanism by which amino acids inhibit autophagy. This was the discovery that adding low concentrations of amino acids (leucine being particularly effective) to hepatocytes rapidly stimulated the phosphorylation of ribosomal protein S6 (S6), in synergy with either insulin or cell swelling induced by hypo-osmosis. 10 Insulin alone did not stimulate S6 phosphorylation, and S6 phosphorylation induced by high concentrations of amino acids did not require the presence of insulin. Unlike insulin, glucagon inhibited S6 phosphorylation at intermediate concentrations of amino acids and stimulated proteolysis. Under various conditions, a linear relationship was found between the percentage inhibition of autophagic proteolysis (measured in the presence of cycloheximide to inhibit simultaneous protein synthesis) and the degree of phosphorylation of S6. 10 Amino-acidinduced S6 phosphorylation was completely prevented by rapamycin, indicating that mTOR and p70S6 kinase were components of the signaling pathway. Rapamycin partly, but not completely, abolished the inhibition of autophagy by amino acids. Since rapamycin also produced a partial inhibition of protein synthesis in the absence of cycloheximide, it was proposed that the opposing processes of (global) protein synthesis and (autophagic) protein degradation may both be controlled by the same signaling pathway, which would be an efficient solution to metabolic regulation. 10 The ability of rapamycin to stimulate autophagy has also been observed in other cell types, including yeast. 13 Amino-acid stimulation of S6 phosphorylation was inhibited by the phosphatidylinositol 3-kinase (PI3K) inhibitors wortmannin or LY294002. 26 Unexpectedly, and in contrast to the effect of rapamycin, these two compounds inhibited autophagy in the absence of amino acids. 26 The explanation of this apparent anomaly was found by a study carried out with HT-29 cells, a human colon cancer cell line. These experiments have shown that the product of class-III PI3K, phosphatidylinositol 3-phosphate (PI(3)P), is required for autophagy, whereas the products of class-I PI3K, phosphatidylinositol 3,4, bisphosphate (PI(3,4)P 2 ), and phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P 3 ), have inhibitory effects. 27 Indeed, overexpression of phosphatase and tensin homolog deleted from chromosome 10 (PTEN), which removes the phosphate from the 3-position of PI(3,4)P 2 and PI(3,4,5)P 3 , increases autophagy. 28 The PI3K inhibitors do not distinguish between class-I and -III PI3K, and also inhibit the formation of PI(3)P, and thus inhibit autophagy. 3-Methyladenine (3-MA), the specific inhibitor of autophagy, turned out to be an inhibitor of PI3K, which explains why it has an inhibitory effect on both autophagy and S6 phosphorylation. 26, 27 Class-III PI3K (and its adaptor p150) was also found to be necessary for autophagy in yeast. This organism contains Vps34, a homolog of class-III PI3K, which is part of a complex that includes Vps15 (the homolog of p150 in mammalian cells), Vps30, and Atg14. 29 This complex is required to recruit the Atg12-Atg5 conjugate to the preautophagosomal structure. 30 Interestingly, Beclin1, the mammalian homolog of Atg6, which is also required for autophagy, 31 is found in a complex with class-III PI3K. 32 The ability of amino acids to stimulate S6 phosphorylation (which reflects 70 kDa S6 kinase (S6K) activity in situ) in hepatocytes in a rapamycin-and wortmannin-sensitive manner, and their synergy with insulin, not only provided a possible clue to a mechanism by which amino acids control autophagy but also was, in fact, the first demonstration that amino acids are able to stimulate insulin signaling. 10 A few years later, this property of amino acids was confirmed for other insulin-sensitive cell types and, once again, leucine (but not the other branched-chain amino acids) was found to be the most effective amino acid. 33 In addition to S6, downstream targets of mTOR, such as S6K, eukaryotic translational initiation factor 4E-binding protein-1 (4E-BP1), eukaryotic initiation factor-2 alpha (eIF2a) kinase (the equivalent of general control nondepressible 2 (Gcn2) in yeast), and eEF2kinase, were found to be phosphorylated in response to amino-acid addition in a wortmannin-sensitive or LY294002-sensitive manner. Direct evidence that amino acids can increase mTOR phosphorylation and activity was also obtained. 34 At present, it is not clear whether the activation of mTOR by amino acids is direct, whether it involves the inhibition of tuberous sclerosis complex (TSC)1/2 (which inhibits mTOR), or whether the activation of mTOR occurs via decreased Ras homolog enriched in brain (Rheb) GTPase activity. 35 Recent evidence indicates that it is unlikely that the inhibition of TSC2 by amino acids is the mechanism involved. 36 The idea that mTOR is involved in the negative control of autophagy is now generally accepted, 13 but the mechanism by which this occurs is still largely unknown. In yeast, the inhibition of TOR may be required to stimulate ATG1 kinase activity, which is in turn required for the formation of the preautophagosomal membrane and also to increase the expression of ATG8, which is involved in the expansion step of the autophagosomal membrane. 8 Further evidence in support of opposing regulatory effects on protein synthesis and autophagy by the amino-acid signaling pathway was obtained by demonstrating that two eIF2a kinases (GCN2 and PKR), TOR-downstream targets (see above; see also Figure 1 ), which regulate stress-induced translation arrest by phosphorylating the translation factor eIF2a, positively control autophagic sequestration in yeast and mammalian cells in response to nutrient deprivation. 37 There is a general consensus that amino acids do not directly affect the activity of protein kinase B (PKB), and probably also do not affect class-I PI3K, two signaling proteins that are stimulated by insulin (for a review, see van Sluijters et al. 33 ). It is therefore likely that mTOR receives two parallel inputs, one via PI3K/phosphoinositide-dependent kinase-1 (PDK1)/PKB/TSC1,2/Rheb (stimulated by insulin and growth factors) and the other stimulated by amino acids. In addition, PDK1 can phosphorylate S6K directly (see Figure 1 ; for a detailed discussion of the various components of the pathway, see Jacinto and Hall 38 ). Thus, both class-I PI3K (by insulin) and mTOR (by amino acids) must be activated to achieve full activation of mTOR downstream targets (for literature, see Meijer and Dubbelhuis 39 ) and this would explain their synergistic effects. In order to account for the ability of high concentrations of amino acids alone to activate p70S6 kinase or S6, in the absence of insulin, one has to assume that either the basal activity of class-I PI3K or a very slight stimulation of class-I PI3K by amino acids is sufficient to stimulate p70S6 kinase phosphorylation (for literature, see Meijer and Dubbelhuis 39 ). In support of the scheme depicted in Figure 1 , it has been found that overexpression of PKB inhibits autophagy, whereas expression of the dominant-negative PKB greatly stimulates the process. 28 Although autophagy is negatively controlled by mTOR activity, the suggestion that the inhibition of autophagy by amino acids also proceeds via mTOR has been challenged.
In one study, 40 carried out with hepatocytes isolated from rats fed a high-protein diet, rapamycin stimulated autophagy in the presence of insulin alone, but not in the presence of amino acids. As indicated above, in a variety of cell types, including hepatocytes, mTOR has an absolute requirement for amino acids, and is not activated by insulin alone. Sufficient amounts of amino acids from endogenous origin must apparently have been present in these studies (also see Beugnet et al. 41 ). According to the authors, 40 amino acids use an mTOR-independent pathway which is initiated by binding one or more amino acids, presumably leucine, to an aminoacid receptor protein in the plasma membrane, which then somehow leads to an inhibition of autophagy that is independent of mTOR. Although a separate signaling pathway starting at the plasma membrane cannot be excluded, the available evidence indicates that mTOR-dependent signaling is stimulated by intracellular amino acids, rather than extracellular amino acids (leucine in particular). 41 In another study, carried out with C2C12 myotubes, 42 similar observations were made. Rapamycin was found to stimulate autophagic proteolysis, but could not abolish the Figure 1 Diagram of autophagy signaling. Plain and dotted arrows represent activating and inhibiting signaling pathways, respectively. The outcomes of the various autophagy signaling pathways on cell survival and cell death are discussed in the main text. The thick arrow represents the recycling of amino acids produced by autophagic degradation. This recycling is highly active during starvation-induced autophagy. Amino-acid-dependent activation of mTOR plays a crucial role in repressing autophagy. However, mTOR-independent inhibition of autophagy by amino acids has also been reported. In addition, amino acids repress autophagy by interfering with Erk1/2 signaling, and with the activity of the class-III PI3K/beclin 1 complex involved in the formation of the autophagosome in intestinal and muscle cells, respectively. The inhibitory effect of the class-I PI3K signaling pathway on autophagy involves mTOR. However, it has been suggested in the literature that there is another signaling pathway that is independent of TOR. No role of the LKB1/AMPK signaling in controlling autophagy has yet been reported (*). Given the inhibitory effect of LKB1/AMPK signaling on mTOR signaling, we would have expected it to produce stimulation of autophagy. However, an inhibitory effect of AMPK, independent of LKB1, has been reported in rat hepatocytes. If a kinase is acting upstream of AMPK in this signaling process, its identity is not known. It has been suggested that AMPK-dependent S6K tail phosphorylation may have a structural role in inhibiting autophagy independently of its kinase activity (?). Inhibition of S6K activity is not involved in triggering autophagy, but this activity may repress autophagy by some unknown mechanism. In the fat body of Drosophila, S6K is required for autophagy to occur (not indicated in the figure) . Inhibition of the insulin-signaling pathway by S6K as the result of a negative feedback loop has recently been demonstrated; however, the effect of this negative feedback on autophagy remains to be investigated (**). The ceramide-mediated expression of beclin 1 in human breast cancer cells in response to the antiestrogen tamoxifen remains to be elucidated stimulation of proteolysis by leucine starvation. The authors also concluded that amino acids (leucine in particular) do not inhibit autophagy via mTOR. It was suggested that amino acids could perhaps turn on different signaling pathways in different tissues, characterized by differences in their metabolism.
These studies clearly indicate that amino acids, as well as activating mTOR, can also inhibit autophagy independent of mTOR. What mechanisms could be responsible? One clue was provided by the finding that the induction of autophagy in C2C12 myotubes by amino-acid depletion was accompanied by an increase in Beclin1-associated class-III PI3K activity. 43 Apparently, the production of PI(3)P for autophagy is also controlled by amino acids, and is stimulated when amino-acid levels fall. Since changes in cell volume can affect molecular crowding, 39 it may be speculated that amino-acid-induced cell swelling promotes the dissociation of the class-III Beclin1/ PI3K complex, and thus contributes to the inhibition of autophagy.
Another explanation for the inability of rapamycin to reverse amino-acid-induced inhibition of autophagy in some cell types is the recent demonstration that mTOR in mammalian cells occurs in two distinct complexes: one complex containing mTOR, GbL, and raptor, which is rapamycin-sensitive, and another complex containing mTOR, GbL, and rictor, which is rapamycin-insensitive. 44 Raptor mTOR phosphorylates S6K1 and is involved in controlling cell growth, whereas rictor mTOR is required for Ser 473 phosphorylation of PKB and controls cell proliferation and survival. It is possible that the relative amount of mTOR sequestered in each of these complexes determines whether or not autophagy can be accelerated by rapamycin.
Other signaling pathways stimulated by amino acids
In human colon cancer HT-29 cells, another amino-aciddependent signaling pathway can control autophagy, in addition to the PI3K/mTOR pathway. Activation of Erk1/2 stimulates the GTPase-activating protein G alpha interacting protein (GAIP) and abolishes the inhibitory effect of trimeric Gi3 protein on autophagy (reviewed in Meijer and Codogno 8 ). Amino acids, by stimulating the phosphorylation of Ser 259 , inactivate the Erk1/2 mitogen-activated protein kinase (MAPK) Raf-1 and downregulate autophagy. 45 In contrast, in C2C12 myotubes 43 the inhibition of autophagy by amino acids is not accompanied by any changes in Erk1/2 phosphorylation. Differences in amino-acid signaling mechanisms and in the control of autophagy may exist, apparently depending on the cell type, and perhaps also on the degree of differentiation. 43 In the isolated, perfused rat liver and in cultured hepatocytes, amino-acid-induced cell swelling, due to the Na þ -dependent concentrating influx of amino acids, inhibits autophagy because it activates p38 MAPK ; inhibition of this stress kinase prevents the inhibition of autophagy. Integrins appear to be involved in the osmosensing mechanism. 46 In contrast, amino-acid-induced inhibition of autophagy in C2C12 myotubes is independent of p38 MAPK . 43 
mTOR, energy, and autophagy
Although it is now generally accepted that mTOR functions as an amino-acid sensor, 38 recent evidence suggests that it also functions as a sensor of the cellular energy status. It was originally proposed that mTOR, because of its relative high K m for ATP, may respond to changes in the intracellular ATP concentration. 47 However, it now seems more likely that changes in ATP are transmitted to mTOR by AMP-activated protein kinase (AMPK), because a small decline in cytosolic ATP results in a relatively large increase in the concentration of AMP via the adenylate kinase equilibrium. 39 Activating AMP kinase inhibits mTOR-dependent signaling, and inhibits protein synthesis. 39 This is in agreement with the function of AMPK to turn off ATP-dependent metabolic pathways. 48 In this context, the association of mTOR with the mitochondrial outer membrane is noteworthy, because adenylate kinase is located in the mitochondrial intermembrane space, and mTOR is therefore ideally located to sense changes in the ATP/AMP ratio. 39 In murine myotubes, Ser 2448 of mTOR is phosphorylated in response to amino acids and growth factors; Thr 2446 was identified as a novel phosphorylation site in mTOR. However, Thr 2446 phosphorylation is activated by amino-acid deprivation or by AMPK. These two phosphorylation sites are mutually exclusive in that phosphorylation of one site inhibits phosphorylation of the other and vice versa. They may be viewed as switches, which integrate the counteracting signals of growth factors and nutrient deprivation. 34 Since AMPK activation inhibits mTOR signaling, one would expect that, by analogy with the effect of rapamycin, AMP kinase activation would stimulate autophagy. Yeast cells contain the AMP kinase homolog, snf1p, which is, indeed, required for autophagy. 49 In contrast, the activation of AMP kinase by 5-aminoimidazole-4-carboxamide riboside (AICAR) or by other pharmacological interventions in hepatocytes inhibits autophagy. 50 In addition to its effects on mTOR phosphorylation (see previous paragraph), AMPK activation also results in the phosphorylation of Thr 421 and Ser 424 in the tail region of S6K1 in a rapamycin-insensitive manner; in contrast, amino acids stimulate the phosphorylation of Thr 421 and Ser 424 and Thr 389 (required for S6K1 activity) in a manner sensitive to rapamycin. 51 The physiological significance of the AMPK-induced phosphorylation of the tail region of S6K1 is not clear. It has been suggested, however, that S6K1 tail phosphorylation may convey a toxin-induced signal independently of S6K1 activity and this could perhaps lead to the suppression of autophagy. 51 It must be stressed that so far the evidence that AMP kinase inhibits autophagy in hepatocytes rests entirely on data obtained using toxins or AICAR. The latter, after intracellular phosphorylation, is a nucleotide analog, and so we cannot rule out the possibility that AICAR has other effects: it may inhibit class-III PI3K, for example. In experiments carried out recently in our own laboratory with hepatocytes (unpublished observations), we observed that the antidiabetic agent metformin markedly activated AMPK, whereas autophagy remained largely unaffected. This would indicate that the activation of AMPK alone is not sufficient to inhibit autophagy.
As indicated above, autophagy increases when cells have insufficient oxidizable substrate at their disposal, for example, inhibiting autophagy in apoptotic cells accelerates cell death, 21 whereas glucose deprivation in a cardiomyocytederived cell line accelerates autophagy. 52 In necrotic cells autophagy is increased. 53 What could trigger autophagy under these conditions? It is questionable that in apoptotic cells, necrotic cells, or in cells without sufficient glucose, sufficient substrate will be available to maintain cellular ATP levels and to keep AMPK activity low. In addition, autophagy could specifically eliminate mitochondria with a low membrane potential. 17 It is highly unlikely that AMP concentrations can be kept low in the vicinity of such mitochondria, especially in view of the fact that adenylate kinase is located in the mitochondrial intermembrane space, close to mitochondrial F1-ATPase. The inhibition of autophagy by AMPK, as proposed by Seglen et al. 51 would in fact be counterproductive. The lifespan of Caenorhabditis elegans is extended by activating AMPK. 54 As we will see later, it is the activation of autophagy and not its inhibition that increases the lifespan. In our opinion, we must seriously consider the possibility that AMPK, as in yeast, is required for autophagy to occur in mammalian cells, rather than inhibiting it. In this context, it is perhaps of significance that patients with Wolff/Parkinson/White syndrome, who have mutations in the g2 regulatory subunit of AMPK that result in overactivation of this enzyme, display a pronounced formation of vacuoles filled with glycogen within the myocyte, and suffer from cardiac hypertrophy and electrophysiological abnormalities. 55 Of course, at present it is impossible to decide whether flux through the autophagic pathway actually increases or whether the processing of newly formed autophagosomes is blocked. Interestingly, inducing mutations similar to those found in these patients in the yeast homolog Snf4 protein stimulates AMPK activity in yeast cells. 55 What are the consequences for the autophagy of downregulating amino-acid signaling?
Although amino acids and insulin act synergistically to activate mTOR-downstream targets, evidence is now accumulating that the overactivation of mTOR leads to the inhibition of the proximal part of the insulin-signaling pathway. 56, 57 This is because of phosphorylation of IRS1 by S6K, which results in decreased binding of the p85 regulatory subunit of PI3K to IRS1. As we have seen, class-I PI3K is required for mTORdownstream signaling, and this feedback system may be part of a homeostatic mechanism that is required to prevent the overactivation of mTOR by amino acids. It has even been proposed that the overactivation of mTOR could contribute to insulin resistance in obesity-linked diabetics.
57 Downregulation of proximal insulin signaling can be expected to have consequences for autophagy, because a decline in inhibitory PI(3,4,5)P 3 will accelerate autophagy. Surprisingly, not much information is available about protein turnover in type II diabetes. Whether or not autophagy plays a role here is entirely unknown.
The possible consequences of feedback interaction of S6K on mTOR upstream signaling for autophagy was also suggested by us 58 in connection with a recent paper by Scott et al. 59 concerning the regulation of autophagy in the fat body of Drosophila melanogaster. In this study, the authors convincingly show that S6K is not inhibitory, as previously suggested, 10 but, is in fact essential for autophagy. Scott et al. 59 conclude that the inhibition of autophagy by Tor and the activation of S6K must be effected through different branches of the Tor pathway. Since the activation of S6K is Tor-dependent, it is assumed that in starvation, when Tor is switched off, S6K still needs to be activated for some time and that S6K downregulation may limit autophagy during prolonged starvation. 59 Apparently, the same protein kinase (S6K) that is required for protein synthesis, an anabolic process, is also essential for autophagy, a catabolic process. 59 This does not seem to be logical from the point of view of metabolic regulation. How can we solve this intellectual dilemma? Of course, we cannot exclude the possibility that Tor controls the synthesis of proteins required for expansion and maturation of the autophagosome, 59 but this remains to be confirmed. An alternative explanation is the possibility of a negative feedback effect of S6K on signaling upstream of Tor, which would then increase autophagy as a result of the fall in class-I PI3K activity (see the previous section). This may be important, because even under nutrient-rich conditions cells must be able to carry out some autophagic activity, not in order to produce nutrients, which are plentiful, but in order to eliminate damaged cell structures or structures that are no longer needed by the cell. Conversely, when nutrients become scarce, for example, during starvation, the inactivation of Tor by a fall in amino-acid concentration accelerates autophagy, provided sufficient active S6K is still present (see above). During long-term starvation, S6K activity may fall so low that class-1 PI3K is activated again and this would then restrain excessive autophagy in order to prevent cell death, as suggested by Scott et al. 59 Another possibility that has not been considered so far, is that tail-phosphorylated S6K, 51 which is catalytically inactive, could have a structural role in autophagy, whereas S6K phosphorylated at Thr 389 inhibits autophagy.
Defective insulin signaling, autophagy, and lifespan
In recent years, more and more evidence has been accumulating that defective insulin signaling extends the lifespan in various organisms, ranging from worms and flies to mammals. 60 Presumably, this can be ascribed to accelerated autophagy. 11, 61 Calorie restriction also prolongs life and this, too, has been ascribed to increased autophagy. 11 For decades defective mitochondria and increased reactive oxygen species (ROS) formation have been implicated in the aging process. 11 Clearly, autophagic removal of defective mitochondria is of crucial importance for cell survival. Inhibition of autophagy by 3-MA in growth-arrested human fibroblasts, as a model of cell aging, results in the accumulation of lipofuscin-like material and of mitochondria, with a lowmembrane potential. 62 As discussed above, we predict that autophagy is increased in type II diabetes. In most cases, this type of diabetes is caused by the inability of the body to buffer the free fatty acid concentration. This increases the redox pressure on the mitochondrial respiratory chain, increases ROS production, reduces mitochondrial function, and increases apoptosis, for example, of b-cells. 63 Palmitate is the fatty acid that is most potent in causing insulin resistance. As palmitate is the precursor of ceramide and sphingolipid biosynthesis, the sphingolipid pathway has been implicated in the etiology of insulin resistance. 64 Interestingly, ceramide has been shown to activate autophagy by upregulating beclin1 and inhibiting PKB; 65 a decrease in intracellular amino-acid concentrations and a decrease in mTOR-dependent signaling may also have contributed to the activation of autophagy by ceramide, although the link with autophagy was not studied. 66 If autophagy turns out to be elevated in type II diabetes, one can also speculate that the onset of insulin resistance in elderly people 67 could in fact be an adaptive mechanism intended to increase autophagy, which helps to boost the ability to remove damaged mitochondria (and presumably other damaged cellular structures).
Autophagy and Cell Death
Autophagic cell death or type-II programmed cell death is distinct from apoptosis, or type-I programmed cell death. 16 However, the relationship between autophagy and apoptosis is actually probably more complex, because autophagy is not only able to collaborate with apoptosis to produce cell death (for reviews, see Debnath et al.
14 and Baehrecke 15 ) but, as we have seen in the preceding section, it can also act as a survival mechanism. From the recent literature, it has become clear that prolonged autophagy in the absence of the central core of the apoptotic machinery (bax/BakÀ/À cells) is a cell survival mechanism that delays cell death in hematopoietic cells when growth factors and nutrients are in short supply. 22 However, in the context of the same genetic background, embryonic fibroblasts utilize the autophagic machinery to die in response to apoptotic inducers. 68 We will review our understanding of the control of autophagy during cell death, and will point out similarities to and differences from the regulation of autophagy observed during cell survival.
Targeting the class-I PI3K and TOR pathways during programmed autophagy and autophagic cell death
In Drosophila, a marked increase in autophagy is observed at the end of the larval stage. 15 This developmental programmed autophagy is hormonally controlled by ecdysone, and is responsible for the elimination of organs, such as the fat body, during metamorphosis. The increase in autophagy of the fat body is caused by the inhibition of the class-I PI3K pathway by ecdysone. 69 The inhibitory effect is observed when the ecdysone receptor is expressed. How ecdysone and its receptor inhibit the class-I PI3K pathway remains to be investigated. It is interesting to note that programmed autophagy does not depend on the feeding status, and inhibition of TOR signaling can further increase autophagy. This observation led the authors to suggest that dTOR may be only partially inhibited during programmed autophagy or possibly not involved at all. Overall, this study demonstrates the physiological significance of class-I PI3K during programmed autophagy. It also reveals the cross-talk between two signaling pathways involved in controlling autophagy, that is, the class-I PI3K and the ecdysone-receptor signaling.
The antiestrogen tamoxifen induces autophagy and cell death in MCF-7 cells. 70 Tamoxifen stimulates autophagy by increasing the intracellular level of ceramide and abolishing the inhibitory effect of the class-I PI3K pathway on autophagy. 65 Unexpectedly, however, in a rat cardiomyocytederived cell line, the activation of class-I PI3K during glucose deprivation induces the accumulation of autophagic vacuoles and causes cell death. 52 A further degree of complexity is introduced by the observation that in glioma cells containing a Ras mutant (RasG12V) in which several signaling pathways, including the class-I PI3K pathway, were stimulated, autophagic cell death was induced. 71 In contrast, the expression of a Ras mutant (RasG12V, Y40C) that specifically activates class-I PI3K inhibits starvation-induced autophagy in transformed fibroblasts, 72 which fits in with the inhibitory role of class-I PI3K on autophagy in other models (see above).
Other signaling pathways activated during autophagic cell death
The death-associated protein kinase (DAPK) family DAPK and its related kinase death-associated related protein kinase-1 (DRP-1) are Ca 2 þ /calmodulin-regulated kinases, which act as positive effectors of cell death through caspasedependent apoptosis induced in response to various stimuli, such as interferon-g, TNFa, and TGFb, and loss of interaction with the extracellular matrix. 73 The phosphorylation of myosin-light chain mediates membrane blebbing during cell death. Expression of activated forms of DAP kinase and DRP-1 trigger autophagy and cell death independently of caspase activity in carcinoma cells with nonfunctional p53. 74 Moreover, the expression of a dominant-negative form of DRP-1 blocked the induction of autophagy and cell death in MCF-7 in response to tamoxifen treatment. It remains to be determined whether DRP-1 and ceramide act in the same signaling pathway, and contribute to tamoxifen-induced autophagy in MCF-7 cells. In this context, it is important to note that ceramide stimulated the expression of DAP kinase in neuronal cells. 75 Interestingly, DRP-1 was found to be associated with the lumen of autophagosomes in HEK293 cells, suggesting that this kinase can phosphorylate some elements of the molecular machinery involved in the formation of autophagosomes. 74 It is striking that DRP-1 also controls amino-acidsensitive autophagy in MCF-7 cells. This suggests that similar control mechanisms operate during starvation-induced autophagy and autophagic cell death. It remains an open question as to whether autophagic cell death and starvation-induced autophagy are controlled by different domains of DRP-1, and subsequently by different signaling pathways.
TNF-related apoptosis-inducing factor (TRAIL) and the TRAIL receptor It has been shown recently that both apoptosis and autophagy contribute to the formation of hollow acini-like structures in an in-vitro model of mammary gland morphogenesis. 76 TRAILdependent autophagy was blocked in cells expressing either truncated TRAIL receptors or a dominant-negative form of the Fas-associated death domain protein (FADD), which is required to recruit the apoptosis initiator procaspase-8. 76, 77 Interestingly, the death domain of FADD can activate a cell death pathway involving both apoptosis and autophagy that is selectively inactivated at the earliest stages of epithelial cancer development. 77 TNFa, another member of the apoptosis-inducing family, stimulates autophagy and apoptosis in T-lymphoblastic leukemia cells. 78 Inhibition of autophagy by 3-MA protects these cells against death. In addition, TNFa stimulates autophagic cell death independently of caspase activation. 79 An analysis of gene expression in Drosophila suggests that the TNFa-like pathway is involved during autophagic cell death in salivary glands. 80 Recently, the interaction of Atg5 with the death domain of FADD has been shown to play a crucial role in interferon-g-induced cell death independently of detectable activation of caspase-8. 81 Elucidation of signaling events downstream of FADD in Atg5-induced cell death would contribute to a better understanding of the control of autophagic cell death.
Jun N-terminal kinase (JNK)
Autophagic cell death has been observed in fibroblasts and monocytoid cells in response to the inhibition of caspase-8. 82 The accumulation of autophagic vacuoles is dependent on receptor-interacting protein (RIP), a protein associated with the cytoplasmic domain of the death receptor, and on the activation of JNK and its upstream kinase, MKK7. In addition, RIP is a substrate for caspase-8, which cleaves and inactivates it. This study suggests that caspase-8 may also have a role in processes other than apoptosis. Another interesting observation is the implication of c-Jun, a target of JNK, in the control of autophagic cell death, which suggests that transcriptional activity is required to induce cell death, and also that de novo protein synthesis is required under these conditions. This is supported by the observation that cell death is prevented in the presence of cycloheximide. However, the nature of the genes induced remains to be determined. Genome-wide scale investigations have shown that, during autophagic cell death in Drosophila, the expression of a large array of genes, including several ATG genes (ATG2, 4-7, and 12), is upregulated. 80, 83 Accumulation of ATGs has also been observed in mammalian cells undergoing autophagic cell death, and is dependent on the expression of proteins of the Bcl-2 family (Bcl-2 and Bc1-xL). 68 An accumulation of Beclin 1 has been reported during tamoxifen-induced autophagy. 65 The upregulation of ATG proteins is probably important in determining the amplitude of the autophagic response. The upregulation of Atg proteins is not a common trait during starvation-induced autophagy. 84 The initiation of autophagy may not in fact depend on protein synthesis (for a discussion, see Abeliovich et al. 85 ).
Conclusion
The dual nature of autophagy, which is a mechanism involved in both cell survival and cell death, has been known since this catabolic pathway was discovered in mammalian cells. 23 It is clear that the detection of autophagosomes in dying cells is not sufficient to incriminate autophagy as a mechanism of cell death, because they may accumulate not due to activation of the flux through the autophagic pathway, but rather as a result of inhibited processing of autophagosomes. (Likewise, the accumulation of autophagosomes in healthy cells may not always match an increase in autophagic flux.) The demonstration that activation of the autophagic machinery, accompanied by increased flux, can result in the death of cells that are not bioenergetically compromised would be a strong indication that autophagy is indeed a cell death mechanism in its own right, but this has yet to be demonstrated. 53 However, the fact that the molecular machinery of autophagy is required during cell death has been recently demonstrated by genetic methods. 68, 82 Whereas starvation-induced autophagy is a mechanism tightly controlled by amino acids and hormones, it appears that greater complexity of the signaling pathways, which overlap with those of apoptotic signaling, is observed during cell death. Care must be exercised in attempting to interpret the effects of 3-MA during cell death, because this compound, in addition to its ability to inhibit class-III PI3K, which is involved in the formation of autophagosomes, 27 can also affect other signaling components, such as class-I PI3K 26, 27 and MAP kinases (JNK, p38). 86 The accumulation of autophagy gene products during cell death, and their relationship with members of the Bcl-2 family, is a promising track to explore in order to obtain a better understanding of how autophagy is controlled during cell death. 68, 87 The interaction between Beclin 1 and Bcl-2/Bcl-xL 88 is probably a key event in turning the accumulation of autophagosomes on or off. 68 Mitochondria play a central role in the execution of apoptosis by releasing apoptotic factors. 89 This organelle is also a target for the autophagic pathway. 17 The autophagic elimination of apoptotic-competent mitochondria is clearly a cell defense mechanism. Starvation-induced autophagy can proceed in the absence of the selective elimination of mitochondria. 90 Unraveling the molecular basis of mitochondrion-specific autophagy would be a crucial step in our understanding of the role of autophagy in controlling cellular homeostasis. It could also be expected to yield more insight into complicated processes such as aging, type II diabetes, and various other disorders.
